We have investigated the effect of water (H 2 O) cooling and heat treatment on the luminescence efficiency of core CdSe quantum dots (QDs). The photoluminescence (PL) quantum yield of the CdSe QDs was enhanced up to ∼85%, and some periodic bright points were observed in wide color ranges during the heat treatment of QDs mixed with H 2 O. The PL enhancement of QDs could be attributed to the recovery of QDs surface traps by unreacted ligands confined within the hydrophilic H 2 O molecule containers.
Introduction
Colloidal semiconductor nanocrystals, so-called quantum dots (QDs), have generated tremendous interest both for fundamental research and technical applications such as light emitting diodes (LEDs) [1] , bioimaging [2] , and solar cells [3] . Because of their size-dependent photoluminescence (PL) related to quantum-size effect tunable across the wide visible spectrum, CdSe QDs have become the most extensively investigated QDs [4] . Since core CdSe QDs usually have low luminescence efficiency, much experimental work has been devoted to surface passivation to improve the luminescence efficiency of QDs. Several methods of organic and inorganic surface modification have been developed to mediate the problems by passivation of the surface defects of QDs. The organic passivation methods such as polymer encapsulation, surface grafting, and ligand exchange [5] [6] [7] have usually accompanied a decrease in quantum yield (QY) and an undesirable size increase relative to the original QDs and more QDs being included in the polymer encapsulation. It is well know that shelling of inorganic atomic layers with a wider bandgap on the surface of core QDs effectively reduces nonradioactive recombination which results in the enhancement of PL QY [8, 9] . The QY reported values are generally lower than 50% for nonpassivation QDs and the best reported values of QY are approximately ∼80% for inorganic-shelled QDs [9, 10] . For this reason, the effects and methods for shelling on the surface of core QDs have been intensively studied. However, additional inorganic shelling has to be delicately controlled to obtain the desirable atomic layers and can have possible problems such as lattice mismatch (limited materials), FWHM broadening, and size increases. Moreover, the various shelled QDs still have surface state problem such as PL decrease of multishell QDs at ligand exchange process [11] . QDs are commonly prepared by organometallic chemistry using a mixture of trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) as the prototypical ligand system [10] . These ligands as the capping group provide colloidal stability in organic solvents such as chloroform, hexane, and toluene and serve as agents for reducing the undesirable electronic effects related to dangling bonds or surface states. Although the surfaces of the QDs are passivated by these organic ligands during the synthesis process, the PL QY of the QDs is usually very low. There was a report about the "bright point" of core QDs, in which the QY reached approximately ∼80% by adjusting the chemical ratio, synthesis time, and temperature [12] . However, the wavelength showing the "bright point" was limited to orange color range at about ∼610 nm. It could also be very effective to enhance the PL QY by reducing some or the entire surface trapping states of the low QY QDs through a simpler posttreatment instead of searching for complex Figure 1 : (a) The PL spectra of the QDs cooled by different solvents and additional heat treatment, (b) the change in PL spectra after additional heat treatment of the QDs in different solvents, (c) the ratio of PL peak intensity calculated from the experimental date of (b). The inset of (a) is the photograph of core CdSe QDs under room light. synthesis conditions. Therefore, in this communication, we have designed H 2 O containers as a mechanism in order to recovery surface trap states effectively. We have improved dramatically the PL QY of the core CdSe QDs up to ∼85% in the green color range which was not in the reported bright point widow of the orange color.
Experimental Procedures
A 2 M stock solution of trioctylphosphine selenide (TOP : Se) was prepared by dissolving 15.8 g of Se into 100 mL of TOP. The stock solution was filled in 100 mL three-neck roundbottomed flask and fitted with a thermocouple temperature sensor and condenser, with TOPO (10 g), HDA (10 g) and TOP (2.5 mL), and heat to 170
• C under vacuum for 1-2 h and raise the temperature to 340-350
• C. In a separate vial, mix Cd(acac) 2 (620 mg), HDDO (1 g), and TOP (5 mL) and heat under vacuum to 100
• C; the solution should become homogeneous. Cool the mixture to approximately 80
• C and add 5 mL of a 2 M TOP : Se. The solution mixture of cadmium and selenium precursors was rapidly injected into the hot flask containing the coordinating solvent, and then cooled using each solvents. The QDs extracted from same hot batch were divided into different cooling solvents. The QDs with different cooling solvents were heated in vacuum oven under air condition at 120 • C.
Results and Discussion
Figures 1(a) and 1(c) show a 2-fold increase in the PL intensity obtained by changing the cooling process. The 5-fold enhancement in the PL intensity was finally achieved by additional heat treatment. Diverse solvents such as toluene, hexane, methanol, ethanol, acetone, and H 2 O were applied to confirm the effect of the cooling process on the enhancement of the PL intensity of the QDs (Figure 2(a) ). Toluene and hexane were most frequently used in the cooling process because the QDs dissolved very well in these solvents.
Journal of Nanomaterials It was also confirmed that the extracting orders of the QDs and transferring orders to the solvents did not have a significant effect on the PL properties of the QDs. Therefore, the cooling process was the main parameter for comparing the PL properties of the QDs in these experiments. The supernatant QDs collected after mixing vigorously with H 2 O were redispersed in toluene or hexane to measure the PL. The concentration of the QD samples was adjusted by the absorption peak of the QDs previously described elsewhere (Figure 2(b) ) [13] . The PL enhancement in H 2 O-cooled QDs could be related to the surface states induced during the H 2 O cooling process compared to that of the QDs cooled in toluene or hexane (Figures 1(a) and 1(c) ). The QD samples remixed with H 2 O after cooling first in toluene or hexane did not show any enhanced PL intensity. It is worth mentioning that no significant enhancement of PL was observed in watermixed QD samples after the cooling process using organic solvents. It means that PL enhanced mechanism related to H 2 O-cooled QDs could be decided during the first cooling process after extracting the QDs from the reaction flask. The PL intensity of the QDs can be further improved by low heat treatment (Figure 1(b) ). The effects of heat treatment on the PL intensity of the QDs were investigated by changing the duration of the heat treatment at 120
• C. The QDs solutions were prepared by mixing the QDs and the different cooling solvents in vacuum oven under air conditions heated at 120
• C, the concentrations of the heat-treated QD solutions were also adjusted by diluting with toluene or hexane based on their absorption spectra as previously reported. After the heat treatment, the QD 4 Journal of Nanomaterials solutions showed red shifts in the PL spectra which could be a result of additional growth during the heat treatment. The red-shifted values of each sample were different, which could be due to the difference in the effective heat energy contributing to the QDs growth related to the different vapor temperatures of the toluene and hexane. The high PL intensities of the CdSe QDs were shown to be at around three wavelengths of 525 nm, 542 nm, and 552 nm during the extended heat treatment. Some periodic bright points were shown before the rapid deterioration of PL QY for the QDs (Figure 3 ).This result demonstrates a possible method to control the emission color of QDs related to bright point using postheat treatment. From the results of the periodic enhancement of PL QY, it is assumed that the optimized states of the QD surfaces showing the high PL QY could have existed during the postheat treatment. The as-synthesized core QDs with low PL QY could be due to the role of seeds with relatively more surface defects which could further increase the size of the seeds (showing the red-shift) accompanied by the effective recovery of surface defects with unreacted source compounds and ligands inside the H 2 O molecule containers during the postheat treatment. The reduction in PL QY of the QDs after passing the bright point could be attributed to the occurrence of perturbation in the optimized structure of the QDs at the bright point. The average PL QY at the bright point had values over approximately 80% and FWHM was approximately 22 nm. The bright points with the high PL QY of the core QDs could not be confined to the orange color range but also existed in a wider color ranges during the heat treatment.
Cordero and coworkers demonstrated that PL increase by adsorbed water molecules [14] . Myung and coworkers had also shown PL increase by oxygen passivation of surface states [15] . In both cases, it was suggested that the PL enhancement of QDs is originated by the additional oxide layer formed on the QDs' surface. However, we suggest different mechanism for the PL enhancement because of two reasons. First, no significant differences in XRD data from all samples with different cooling process showed similar XRD patterns (Figure 4) . The formation of oxide layer on the surface of water-cooled QDs could generate different XRD patterns/additional peaks related to oxide layer. Second, if the PL enhancement is originated by an oxide shell, a single optimal shell thickness showing the maximum PL intensity could exist. The PL intensity could be continuously decreased beyond the optimal shell thickness, which is generally observed during the shelling process [16] . However, the periodic bright points were shown during extended annealing of QDs within H 2 O molecule containers (Figure 3) , which is significantly different behavior compared with the shelling process.
Therefore we suggested basic chemical mechanism for the dramatic improvement of QY in the H 2 O cooling process, and heat treatment is suggested in Figure 5(a) . In the case of the aqueous synthesis, the CdTe QDs showed a very high PL QY at about ∼90% QY [17] using the well-known Stöber method [18, 19] (Figure 1(b) ). The high enhancement of PL QY can only be obtained from the H 2 O-cooling process with the high-temperature QDs. Therefore, it is assumed that the confinement environment and temperature are necessary to enhance the PL QY of QDs by the efficient recovery of surface trap states during the H 2 O cooling process. In contrast, cooling using organic solvents could not meet both requirements and brought about the loss of surface ligands by generating a well-dispersive state ( Figure 5(b) ). Qu and Peng demonstrated that the PL bright point of QDs is in the orange color region which was observed in the QDs synthesis process [12] . However, our results show a more "bright point" and existed in more widely optical windows (Figure 2 ) due to the H 2 O cooling and postheat treatment process. These findings will significantly contribute to the development of bright core QDs and have also considerable implications for diverse application by further passivation processes accompanied with water such as silica coating, polymer encapsulation, and biofunctionalism. The suggested method provides an environmentally friendly method compared to cooling processes using organic solvents which generate CO 2 .
Conclusions
In conclusion, we have reproducibly demonstrated high enhancement of PL QY in the core of QDs and color controllability by finding additional bright points with an H 2 O-cooling and postheat treatment process. It was experimentally confirmed that the H 2 O molecular containers could effectively passivate the surface defects of core QDs by the reaction of unreacted ligands/source compounds within H 2 O molecule containers. These findings can have significant potential implications in refuting the stereotypes that the H 2 O conceptually degrades the luminescent properties of QDs and has to be avoided in the synthesis and posttreatment of QDs. This suggested method also provides an environmentally friendly method without using organic solvents.
